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Abstract 
 
Technical gases becomes liquid in extremely low temperature ranging minus 200 °C and very high pressure what makes that transportation 
devices have to perform very strict requirement. Presented paper shows selected aspect of simulation of liquefied gas sloshing in aspect of 
requirements that mobile vessels have to fulfill. Mobile vessel which is the object of simulation is a two shell tank with vacuum and layer 
insulation between shells adapted to 20 ft container. It is assigned for see, railway and road transport and have to follow all of requirements 
for such transportation systems. Requirements for such tank are enclosed in standard ISO 1496-3 which deals with freight containers and 
standard EN13530-2 that describes vacuum, cryogenic vessels. The standards EN13530-2 defines that vessels which are to be filled equal 
or less than 80% should be fitted with surge plates to provide vessel stability and limit dynamic loads. Additionally surge plates area has to 
be at least 70% of cross section of the vessel and volume between surge plates shall be not higher than 7.5 m
3. Structure of the vessel as 
well as the surge plate should resist of longitudinal acceleration of 2g. Additionally surge plates shall resists stresses caused by pressure 
distributed across the area of surge plate and the pressure shall be calculated as mass of liquid between plates and acceleration 2g. In this 
paper is presented way of simulation of dynamic behavior of liquefied Argon on  vessel structure. A numerical methods like 
Computational Fluid Dynamics (CFD) and Finite Element Analysis (FEA) were used for this purpose. Combination of both tools allowed 
to get pick value of dynamic pressure that arising during acceleration of 2g, which was assumed is 0.2 s and investigate resistance of vessel 
and container structure. Presented approach is called Fluid – Structure Interaction simulation. In CFD simulation was used Ansys CFX 
code, while for FEA calculations Pro/Mechanica package. 
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1. Introduction 
 
Mobile vessels are used widely from decades on railway and 
vehicles to carry various liquids from water to petrol products 
and lastly even liquefied gases. During this time there was a 
huge development in the field of tank structures, materials and 
manufacturing processes. Nowadays tanks are able to carry not 
only one type of fluid but the whole family of fluids with similar 
properties. Due to the differences in liquids density and 
limitations in permissible loads or requirements for carrying 
some liquids it may appear that tank will be filled up only in the 
part of its nominal capacity. It means that during operation 
liquid sloshing within the tank. To avoid unexpected forces 
during that process vessels are equipped with surge plates. Such 
cases are regulated by international standards. According to [1] 
each vessel that is provided to carry liquids which capacity is less 
than 80% of nominal tank capacity should be equipped with surge 
plates. Such plates should also resist on dynamic forces that appear 
during vessel operation. For example tanks that might be used on 
railway have to fulfill requirements which are acceleration +/- 2g 
longitudinal and +/-1 g transverse direction. Standard [2] claims 
that surge plates should resist forces that appears during such 
acceleration and defines load on surge plates as a pressure arising 
from acting captured between plates liquid. Real phenomenon that 
appears in the tank is a complex task which is difficult to simulate. 
One of the way to simulate behavior of liquid by doing 
experiments, but it is expensive if it has to be performed for each ARCHIVES of FOUNDRY ENGINEERING Volume 10, Special Issue 3/2010, 77-80  78 
type of tank and carrying fluid. Very helpful might be 
developed lastly tools which is called Computational Fluid 
Dynamics (CFD). Available possibilities of CFD that allows to 
simulate free surfaces flow were used mostly in environmental 
or civil engineering [3, 4]. Lastly it might be observed more 
application of free surface simulation in mechanical engineering 
application [5, 6] . This paper presents an application of CFD 
and FEA tools and to simulate behavior of liquefied gas in 
pressurized mobile tank. The paper also presents results of 
simulation for liquefied Argon sloshing for longitudinal 
acceleration 2g. 
 
 
2. Theoretical description  
 
In general interface surface between liquid and gas might be 
obtained as it presented in the work [7].  
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Fig. 1. A slice of free surface 
 
Assuming that the surface tension is constant  const = σ  on 
slice of surface S, for center of coordinate system (which is 
assumed to be on surface S), plane that is tangential to the 
surface S might be described by formula: 
0 ) , ( = = y x F z  (1) 
Force acting on boundary C is determined in the following way: 
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where: F – body forces, σ – surface tension, i,j,k – unit vector,  
S – surface, C – boundary over surface S. 
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Surface S is in equilibrium when liquid tension force is balanced 
by pressure force. In relation to surface unit equilibrium 
condition is as follows: 
p
R R
Δ = ⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
+
2 1
1 1
σ  (4) 
For assumption that steady state conditions is considered there is no 
problem to determine the equation of free surface flow in a vessel. 
But for transient conditions which are meet during tank motion it is 
not easy or even not possible. Very helpful in simulation of 
interface between liquid and gas are CFD tools in which the main 
two approach are used [8]: 
-  interface tracking methods, 
-  interface capturing methods. 
There are also conducted work independently on commercial codes 
on interface between liquid and gas [9].  
 
 
3. Mobile vessel  
 
The object of simulation is mobile vessel adapted to 20 ft 
container structure. Container structure is made of steel grade 
S355J2+N profiles connected to the outer tank made of P355NL1 
steel grade, which includes inner tank made of stainless steel 
1.4301. Inner tank is supported by Poliamid PA6 structure that 
ensures thermal insulation and protects inner tank against external 
loads.  
container frame 
outer shell 
Inner shell 
surge plates 
vacum and insulation space  
poliamid support 
 
Fig. 2. Cryogenic mobile vessel 
 
Between inner and outer shell is a vacuum and insulation systems to 
ensure an appropriate time of low temperature in inner tank. The 
mobile container was assigned to carry liquefied gases like LNG 
(Liquefied Natural Gas), Nitrogen, Oxygen and Argon. Due to the 
difference in density of liquefied gases container reaches full 
nominal weight when filled little more than half on nominal 
capacity.  
 
 
4. CFD analysis 
 
CFD analysis was conducted in Ansys CFX code. It was 
assumed that tank is filled up with 60 % of nominal capacity. The 
CFD simulations was conducted for the following assumptions: 
1. Simulations is transient. 
2. Acceleration of 2g acts along the tank for time 0.2 s (sse fig. 4). 
3. Total time of simulation is 4s. ARCHIVES of FOUNDRY ENGINEERING Volume 10, Special Issue 3/2010, 77-80  79
4. There is not heat transfer between environment and liquid 
inside the tank. 
5. Argon and its vapor are homogenous and in equilibrium. 
6. Liquefied argon has the following properties density ρ= 
1243.7  kg/m
3, viscosity μ=0.174 e-3 [Pa s], what corresponds 
to temperature -173 °C , Argon vapor density 33.381 kg/m
3, 
viscosity μ= 8.77e-6 [Pa s] [11]. 
7. Half of geometrical model of the vessel was used, the 
remaining geometry was replaced by symmetry conditions (see 
fig. 3) . 
8. Walls of the vessel as well as surge plates was assumed as 
roughness. 
9. During simulations vessel structure including surge plates 
was assumed as a non deformable body. 
The goal of CFD analysis was to investigate behavior of 
liquefied Argon in short time of longitudinal acceleration 2g 
which may appear during tank operation. Grid of CFD model is 
presented in fig. 3 and includes hexahedral mesh. As a results of 
simulation was presented resultant forces that appears of the 
vessel structure (see fig. 5 and fig. 6) and some shape of free 
surface of liquefied Argon in selected time steps (see fig. 7-9). 
 
 
Fig. 3. Grid of the tank 
The shape and duration of applied acceleration to the tank is 
presented in below figure. 
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Fig. 4. Longitudinal acceleration acting on the tank 
 
Dynamic behavior of liquefied argon allowed to obtain resultant 
force that appears on vessel structure what is presented in fig. 5 
and 6. CFD simulations allowed also obtain dynamic pressure 
that appears on tank shell and surge plates in various time steps. 
Figure 9 shows the maximal value of dynamic pressure that 
appears in time 1.2 s.  
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Fig. 5.Total longitudinal force acting on the tank 
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Fig. 6. Total vertical force acting on the tank 
 
Fig. 7. Fluid fraction in time 1.2 s 
 
Fig. 8. Shape of free surface in time 1.2 s 
 
 
Fig. 9.  Pressure arising from sloshing of liquefied argon  
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5. FE analysis 
 
Obtained values of dynamic pressure were next used for FE 
calculations to simulate resistance of tank and container 
structure. Pressure distribution were applied to the inner tank as 
well as pressure 0.7 MPa which keeps Argon liquefied and 
vacuum in space between inner and outer tank. FE model also 
included longitudinal acceleration 2g and the temperature load. 
The temperature load is the worst case that can appear, it means 
that outer tank and container structure has temperature 20 ºC 
while inner tank has -173 ºC. Results of FE calculations are 
presented in figures 11 and 12. 
 
Temperature of inner tank -173  °C
Pressure 0.7 MPa
Vaccum 
Vaccum 
Ambient temperature: 20 °C
Pressure 0.1 MPa
contact elements  contact elements 
contact elements  contact elements 
 
Fig. 10. Loads applied to the tank structure 
 
 
Fig. 11. Stress distribution (in N/mm
2) at the tank  
and container structure 
 
 
Fig. 12. Displacement distribution (in mm) at the tankand 
container structure 
 
Presented results shows that stress value as well as displacement 
that are caused by dynamic behavior of the tank are below 
permissible values. 
 
 
6. Conclusions 
 
The paper presents interaction of dynamic behavior of cryogenic 
liquid on vessel and container structure. The Fluid – Structure Interaction 
simulation was performed in CFD code Ansys CFX and FEA code 
Pro/Mechanica. CFD tool was used to simulate sloshing of a liquid in 
mobile vessel for given longitudinal acceleration 2g and estimate a pick 
value of pressure that is caused by this phenomena. Next the pressure 
distribution was transferred to the FE model to investigate effects of 
dynamic load on tank and container underframe. Presented approach 
shows that it might be used as a design tool for structures when dynamic 
load caused by moving fluid has significant meaning and some 
requirement regarding such phenomena should be fulfilled. 
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